The two-dimensional flow of viscous incompressible liquid in a square cavity with a free boundary and differentially heated vertical sides is considered in the present work. The influence of gravitational and thermocapillary convection on temperature and velocity fields is studied in large range of dimensionless parameters and similarity criteria using equations in a Boussinesq approximation. Limiting cases of dimensionless parameters are analyzed numerically.
Introduction
It is known that in the nonuniformly heated fluid motion appears. Without free boundaries it appears due to thermal (gravitational) convection. In the nonuniformly heated liquid with a free boundary there arises thermocapillary convection [1] , [2] .
Under the low gravity condition it is necessary to take into account both of these processes. It is interesting to analyze the influence of these factors on heat fluxes and velocity fields formation under the non-gravity condition and with an increase in gravity. equipment, various energy plants [2] , [3] . That is why the knowledge of flow and heat fluxes structure in the large dimensionless parameters range (Rayleigh Ra, Prandtl P r and Marangoni Ma numbers) is of scientific and practical interest.
Model
The stream function -vorticity (ψ−ω) formulation of the problem was used. For plane geometry initial non-dimensional stationary convection equations in a Boussinesq approximation under the non-gravity condition are the following [4] :
where u = ∂ψ ∂y , v = − ∂ψ ∂x , ω = ∂u ∂y − ∂v ∂x . The problem is characterized by the following parameters: the Marangoni number Ma = △T σ T L µa and the Prandtl number P r = µ ρa . Here △T = T H − T C , T H is the hot wall temperature, T C is the cold wall temperature, σ T denotes the temperature coefficient of surface tension, L stands for the characteristic length (the side of a square cavity), µ is the dynamic viscosity, ρ designates the density, a is the thermal diffusivity.
Calculations with various Prandtl and Marangoni numbers were carried out. Two limiting cases were also considered: Ma → 0 and P r → ∞. If the Marangoni number tends to zero (i.e. surface tension force is equal to zero) then the set of Eqs. (1 -3) is modified as follows:
If the Prandtl number tends to infinity (that is the case of the strongly viscous fluid)
If the force of gravity g is not equal to 0, initial stationary non-dimensional equations of thermal convection in a Boussinesq approximation in the uniform gravitational field in (ψ − ω) variables are then [4] :
Here
is the Rayleigh number, β = − 1 ρ ∂ρ ∂T denotes the volumetric coefficient of thermal expansion.
In the present work the following boundary conditions are considered. The vertical sides are at temperatures T = T H = 0,5 ("hot" wall) and T = T C = −0,5 ("cold" wall). The lower horizontal wall and the free surface y = 1 are insulated. Both velocity components are zero on the walls. On the free surface the component µ ∂u ∂y of the viscous tension tensor is equal to the tangential force acting on the surface −σ T ∂T ∂x , and vertical velocity v is equal to zero. Thus the boundary conditions for the considered equations can be written in the following way:
The case of the surface tension force equal to zero was also considered. This corresponds to the system (4 -6) with the boundary condition ∂u ∂y | y=1 = 0 : ψ = 0, ∂ 2 ψ ∂y 2 = 0 at y = 1.
Method of solution
Formulation of the problem (1 -3), as many other problems of viscous incompressible only inside the domain according to the Eq. (2). To overcome this difficulty various approaches are used, for example, approximate boundary conditions for vorticity. In the present work we use the Toma condition for ω on the wall [5] :
Here ∆h denotes the mesh size, ψ k is the value of the stream function in the boundary node k, ψ k+1 is is the value of ψ in the node k + 1 nearest to the wall.
Calculations were also performed with the second order boundary condition for ω, namely, Woods condition. Computational results with these different conditions are almost the same. However, the use of the approximate boundary conditions for vorticity on the wall for the Eqs. (1 -3) at high Marangoni numbers and on fine meshes leads to the considerable slowing-down of the convergence. That is why we also used the boundary conditions calculation method [6] , which allowed us to improve the convergence in 2 − 4 times, and in some cases on the order in comparison with the use of the Toma formula.
Idea of this method is to determine the boundary condition for vorticity inside the main domain, where ω is defined according to (2) . Equation for ω (1) is solved in the auxiliary domain. The solid boundaries of this domain are displaced on the mesh size into the cavity from the solid boundaries of the main domain. The free surface y = 1 is common for these domains. On the free surface vorticity is determined as follows: [6] . Using a three-point approximation of the second order for the derivative ( ∂ψ ∂n )| x=0,x=1,y=0 we will obtain: at x = 0 ψ 2j = 1 4ψ 3j , j = 2, . . . , m − 1;
When approximating Eqs. (1, 3) and (10, 12) for temperature and vorticity exponential fitting discretization (or scheme of integral identities) was used [7] , [8] . It allowed us to obtain a higher precision in comparison with the usual approximations. As a result, a five-point algebraic system was carried out. Equations for ω and T do not satisfy the diagonal dominance condition. It is known that without this condition, many effective methods fail to converge or converge very slowly. In the present work modification of Buleev's method [9] and a splitting method [10] are used. They enable to find a solution of the system without a diagonal dominance property. Buleev's method modification converges faster than the splitting method when the stream function and the temperature equations are solved. But for the vorticity equation with high Marangoni numbers (Ma > 10 2 ) Buleev's method does not converge to the necessary precision (namely, 1.e − 7). Thus the equation for ω was solved by splitting which enables to obtain the prescribed precision.
To improve convergence the damping operation for vorticity was used. It is determined by the following recurrent relation:
where θ stands for the damping parameter, ω n d is the damped value of vorticity from the n iteration, ω n+1 denotes the value of ω from the n + 1 iteration.
During numerical experiments for a 61 × 61 mesh the damping parameter θ was about 0,002.
Main results and their analysis
We use rectangular non-uniform thickening to the boundary of the 21 × 21, 41 × 41 and 61 × 61 area grids. Calculations were performed at the Marangoni numbers from 10 −3 to 10 4 , the Prandtl numbers from 1 to 100 and the Rayleigh numbers from 0 to 10 6 . Two limiting cases: Ma → 0 and P r → ∞ were also considered. Results are presented in Figures (1-10 ) and in Tables I and II domain of the width ≈ 0,85 the contour maps are located at a greater distance and the temperature gradient points vertically upwards. Such behavior of the temperature contour maps influences the stream function field. One can see from Figure 4d for the ψ contour maps (Ra = 10 6 ) that near the vertical walls contour maps condense, and two narrow boundary layers with the sharp difference of stream function values across the boundary layer are formed. In the remaining part of the calculation domain the contour maps are located at a greater distance. At Ra = 10 5 (Fig.4c ) the secondary flows are formed in the center of the domain. (Fig.4b, 4c, 4d ). under the non-gravity condition was also considered. Computational results show that for every Marangoni number between 0 and 10 the flow does not depend on the Prandtl number (at P r between 1 and ∞). At Ma = 10 2 and P r from 10 to ∞ the corresponding profiles of the flow agree ( Fig.2a (temperature contour maps) , Fig.7a (contour maps of ψ)), but differ from the flow profiles at the Prandtl number P r = 1 (Fig.1b, 6a) . A similar situation takes place at Ma = 10 3 (Fig.1c, 6b; 2b, 7b ). At Nu(x 0 , y)dy. 
Calculations

Dependencies of the average Nusselt numbers on the Prandtl, Marangoni and
Rayleigh numbers (Fig.8, 9 and 10 respectively) were also calculated. Fig.8 shows that the greater the Marangoni number for the same Prandtl number (i.e. the stronger thermocapillary convection), the stronger heat-removing. At Ma between 0 and 10 2 the heat-removing coefficient does not change with the increase in P r. At Ma = 10 3 ; 10 4 and from P r = 10 this coefficient takes some constant value, and every Marangoni number has its own value. Besides, at Ma between 10 3 and 10 4 an abrupt increase in the Nusselt number is observed, especially for the case P r = 1.
Probably, the reason for it lies in the appearance of a more complex structure of the flow and in the loss of it the stability [11] , which lead to the sharp increase in heatremoving. Such an abrupt increase in heat-removing is also observed in Fig.9 
